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Lithium  carbide  has  been  found  as  possible  contamination  in  high  purity  lithium  metal.  Raman  spec¬ 
troscopy  clearly  shows  its  presence  on  the  surface  as  well  as  in  the  bulk.  Mass  spectrometry  revealed  the 
formation  of  acetylene  during  hydrolization  of  lithium  metal  also  for  the  bulk  material.  The  total  lithium 
content  of  the  lithium  sample  is  determined  with  ICP-OES  and  the  ratio  of  oxygen  to  carbon  is  inves¬ 
tigated  with  EDX  for  the  surface  and  the  bulk.  Possible  sources  of  the  lithium  carbide  contamination  in 
battery  grade  lithium  are  discussed. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  metal  is  commonly  used  as  anode  material  for 
commercial  primary  lithium  batteries  [lj.  For  the  first  secondary 
lithium  batteries  lithium  metal  was  used  as  anode  material  as  well 
until  it  was  substituted  by  graphite  because  of  its  high  safety 
hazards.  It  is  well  known  that  cycling  of  lithium  metal  anodes 
causes  dendrite  growth,  which  might  result  in  a  short  circuit  and 
thus  a  thermal  runaway  of  the  battery  [2,3],  However,  because  of 
the  high  specific  capacity  of  lithium  metal  anodes,  lithium  metal  is 
still  an  attractive  anode  material  for  secondary  lithium  batteries, 
which  is  also  used  especially  in  combination  with  polymer  elec¬ 
trolytes^]  The  theoretical  capacity  of  a  lithium  metal  electrode  is 
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3828  mAh  g  ,  10  times  higher  than  the  capacity  of  graphite 
(372  mAhg-1)  which  is  the  standard  anode  material  in  secondary 
lithium  ion  batteries  [5].  Since  for  technical  reasons  a  four  times 
surplus  of  lithium  metal  would  commonly  be  used,  the  practical 
specific  anode  capacity  is  reduced  to  about  960  mAh  g_1,  this  is  still 
about  2.5  times  higher  than  that  of  graphite  [5].  Thus,  investigation 
of  lithium  metal  anodes  is  an  interesting  topic  despite  its  challenges 
in  terms  of  safety.  The  safety  of  lithium  metal  anodes  is  strongly 
determined  by  dendrite  growth  occurring  upon  battery  cycling.  The 
dendrite  growth  itself  is  influenced  by  the  surface  properties  of  the 
lithium  metal  anode  and  its  Solid  Electrolyte  Interphase  (SEI), 
respectively  [6],  Impurities  on  the  lithium  metal  anode  surface 
might  influence  this  SEI  formation.  High  purity  lithium  metal  for 
battery  application  is  produced  by  fused  salt  electrolysis  and 
purified  by  distillation  [7,8]  or  by  melting  lithium  metal  at 
temperatures  from  400  °C  to  700  °C  under  vacuum  [9],  The  purity 
of  commercially  available  battery  grade  lithium  is  usually  specified 
as  >99.99%  (trace  metals  basis),  but  due  to  its  high  reactivity,  Li  is 
prone  to  be  contaminated  by  impurities  such  as  L^O,  L^CCH,  and 
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U3N,  which  are  formed  by  air  contamination.  In  addition  to  these 
well  known  impurities,  U2C2  has  been  found  on  the  Li  surface  by 
Raman  spectroscopy  [10].  It  was  suggested  that  this  Li2C2  was 
formed  due  to  Li2CC>3  decomposition  caused  by  the  Raman  laser  in 
the  presence  of  lithium  metal. 

However,  considering  the  known  formation  of  stable  hyper- 
valent  compounds  of  lithium  with  carbon  (e.g.  L^C,  L4C  and  Li6C) 
[11,12],  it  could  be  plausible  that  even  sophisticated  lithium  puri¬ 
fication  procedures  would  not  be  sufficient  to  fully  remove  all 
carbon  impurities.  Mentioned  hypervalent  compounds  were  found 
to  be  stable  in  the  gas  phase  and  might  lead  to  contamination  of  the 
purified  lithium  sample.  Thus,  as  our  investigations  indicate,  it 
could  be  possible  that  Li2C2  is  a  common  but  hard  to  detect  and 
thus  also  non-specified  impurity  in  battery  grade  metallic  lithium. 
In  this  work  we  investigated  the  presence  of  U2C2  impurities  in 
battery  grade  lithium  by  Raman  spectroscopy,  mass  spectrometry, 
and  ICP-OES  and  EDX  analysis. 

2.  Experimental 

2.1.  Materials 

Lithium  samples  specified  as  battery  grade  in  terms  of  purity 
were  obtained  from  different  commercial  suppliers.  Crystalline 
Li2C2  was  synthesized  from  the  elements  in  a  tantalum  ampoule.  A 
mixture  of  equal  amounts  of  lithium  metal  and  graphite  were 
heated  in  an  HF-oven  at  1600  °C  for  6  h.  The  purity  of  the  crystalline 
LhC2  was  proven  by  XRD  analysis.  The  amorphization  of  part  of  the 
Li2C2  was  carried  out  with  a  ball  mill  (Frisch  Pulverisette  7)  in 
a  tungsten  carbide  milling  container  with  tungsten  carbide  balls. 
The  synthesized  crystalline  LhC2  was  ball  milled  for  10  min  fol¬ 
lowed  by  a  resting  time  of  2  min,  which  was  repeated  10  times.  The 
amorphization  was  confirmed  by  XRD,  which  did  not  show  any 
diffraction  pattern  anymore  after  milling. 

2.2.  Raman  spectroscopy 

A  Raman  dispersive  microscope  (Bruker  SENTERRA)  was  used  to 
analyze  the  samples.  The  laser  source  was  a  green  semiconductor 
laser  with  a  wavelength  of  532  nm  and  a  laser  power  of  10  mW.  A 
grating  of  400  lines  mm”1  was  used  as  dispersive  element  and  the 
aperture  was  a  slit  with  a  dimension  of  50  x  1000  pm.  A  20  x 
objective  was  used  for  the  microscope.  All  sample  and  cell  prepa¬ 
rations  were  carried  out  in  an  argon-filled  glove  box.  The  samples 
were  measured  in  a  sealed  cell  with  a  glass  window  (10  pm  thick¬ 
ness,  VWR).  Ten  integrations  with  an  integration  time  of  1  s  each 
were  carried  out  to  collect  the  spectra. 

2.3.  Mass  spectrometry 

A  quadrupole  mass  spectrometer  Prisma  QMS  200  M  (Pfeiffer 
Vacuum)  recorded  the  mass  to  charge  ratio  (m/z)  signals.  A  flow 
meter  red-y  compact  (Voegtlin  Instruments)  controlled  the  argon 
carrier  gas  flow  to  1.6  mL  min”1  through  the  sample  chamber, 
which  was  connected  by  a  stainless  steel  capillary  to  the  online 
mass  spectrometry  cell.  Millipore  water,  which  was  purged  with 
argon  to  eliminate  CO2  as  possible  carbon  source  was  used  for  the 
hydrolysis  reactions. 

2.4.  ICP-OES 

The  lithium  sample  was  dissolved  in  methanol  in  an  argon-filled 
glove  box.  A  Spectro  ARCOS  ICP-OES  (Spectro  Analytical  Instru¬ 
ments,  Germany)  instrument  with  axial  plasma  viewing  was  used 
for  the  element  determination  with  a  standard  Fassel  type  torch 


(No.  75160526,  Spectro  Analytical  Instruments).  For  sample  intro¬ 
duction,  the  system’s  peristaltic  pump  equipped  with  a  cross  flow 
nebulizer  and  a  double-pass  spray  chamber  (Scott  type)  was  used. 
Lithium  emission  was  detected  at  two  individual  emission  lines 
simultaneously. 

2.5.  EDX 

For  the  EDX  measurements  an  in-house  custom-made  housing 
was  used  to  transport  the  lithium  under  inert  atmosphere  form  the 
glove  box  into  the  chamber  of  the  SEM.  The  housing  is  equipped 
with  a  special  mechanism,  which  opens  the  device  under  the  low 
vacuum  conditions  in  the  SEM.  The  SEM  was  a  Carl  Zeiss  Auriga 
equipped  with  an  EDX  from  Oxford  Instruments. 

3.  Results  and  discussion 

3.1.  Raman  spectroscopy 

In  Fig.  1  the  Raman  spectra  for  untreated  lithium  metal  (bottom) 
and  synthesized  crystalline  Li2C2  (top)  are  shown  in  the  region  of 
the  typical  C2  vibration.  It  has  already  been  reported  by  Naudin 
et  al.  that  the  mode  at  1845  cm”1  was  detected  on  untreated 
lithium  [10].  In  their  studies  it  was  proposed  that  the  laser  induces 
decomposition  of  Li2C03  present  as  surface  impurity.  In  combina¬ 
tion  with  elemental  lithium  the  decomposition  would  lead  to  the 
reduction  of  Li2CC>3  and  thus  the  formation  of  Li2C2,  causing  the 
mode  at  1845  cm”1  from  the  symmetric  stretching  vibration  of  the 
carbon-carbon  triple  bond.  The  Raman  shift  of  the  acetylide  anion’s 
symmetric  stretching  mode  is  found  at  around  1877  cm”1  for  the 
synthesized  Li2C2  (cf.  Fig.  1 ).  Naudin  et  al.  explained  the  shift  by  the 
amorphous  structure  of  the  Li2C2  formed  on  lithium  metal  due  to 
the  laser  impact  [10]. 

To  study  the  influence  of  amorphization  on  the  C2"  vibration 
mode,  an  amorphous  Li2C2  sample  was  analyzed  with  the  Raman 
spectrometer  too.  It  can  be  seen  that  the  Raman  spectrum  did  not 
show  any  modes  of  the  lattice  phonons,  which  are  normally  present 
below  500  cm”1  for  crystalline  Li2C2  (Fig.  2).  This  also  proves,  in 
addition  to  the  XRD  results,  that  the  high-energy  ball  milling  led  to 
full  amorphization  of  the  Li2C2.  However,  the  amorphization  clearly 
did  not  cause  any  shift  of  the  stretching  vibration  of  the  acetylide 
anion.  The  amorphous  sample  showed  a  strong  thermal  emission 
though,  which  is  the  reason  for  the  steep  increase  of  the  back¬ 
ground  signal  with  increasing  wave  numbers. 

Thus,  we  suspect  that  the  mode’s  shift  to  lower  frequencies,  i.e. 
the  observed  destabilization  of  the  triple  bond  of  the  acetylide 
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Fig.  1.  Raman  spectrum  of  synthesized  U2C2  (top)  and  purchased  lithium  metal 
(bottom)  in  the  region  of  the  symmetric  stretching  vibration  of  the  anion. 
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Fig.  2.  Raman  spectra  of  crystalline  and  the  amorphous  Li2C2. 

anion,  is  caused  by  charge  transfer  from  the  lithium  metal  to  the 
U2C2.  Using  the  molecular  orbital  theory  for  the  C2"  anion,  it  can 
easily  be  seen  that  the  acetylide  anion’s  bonding  orbitals  are  fully 
occupied.  Thus,  any  negative  charge  transfer  from  the  lithium  metal 
to  the  acetylide  anion  would  partially  occupy  anti-bonding 
molecular  orbitals  of  the  acetylide  anion,  causing  destabilization 
of  the  triple  bond  and  a  shift  of  the  vibrational  band  to  lower  wave 
numbers  in  the  corresponding  Raman  spectrum.  Thus,  we  propose 
that  the  mode  at  1845  cur1  can  be  assigned  to  the  symmetric 
stretching  of  the  acetylide  anion  triple  bond,  which  is  destabilized 
by  charge  transfer  of  electrons  from  the  lithium  metal. 

To  check  the  theory  of  laser-induced  decomposition  of  U2CO3 
present  at  the  lithium  surface  as  the  source  for  U2C2,  we  also 
investigated  the  bulk  of  the  lithium  metal  by  scraping  the  surface 
with  a  spatula  in  the  glove  box.  If  U2C2  was  present  on  the  surface 
only,  one  would  not  expect  any  acetylide  Raman  signal  on  the 
freshly  exposed  lithium  metal  surface.  However,  the  fresh  lithium 
metal  surface  gave  the  same  signal  at  1845  cuT1,  even  with  an 
intensity  comparable  to  the  surface.  From  this  observation  we 
concluded  that  the  bulk  of  lithium  metal  seems  to  be  contaminated 
with  carbon  containing  impurities  as  well. 

If  the  theory  of  Naudin  et  al.  was  correct  this  would  imply  that 
U2CO3  impurities  were  not  only  located  on  the  surface  (by  contact 
to  air  traces)  but  also  in  the  bulk.  This  seems  being  unlikely  since 
lithium  metal  is  synthesized  form  an  eutectic  melt  of  LiCl  and  KC1  at 
400—460  °C  and  thus  normally  impurities  of  chloride  were 
expected  but  not  found.  Traces  of  L^CCH  in  LiCl  are  also  unlikely 
because  LiCl  is  normally  obtained  by  the  reaction  of  HC1  with 
L^CCH  which  leads  to  the  formation  of  gaseous  CO2  and  thus  an 
elimination  of  CC>3'.[13] 

Thus,  based  on  our  findings  that  Li2C2  is  not  only  located  at  the 
surface  but  also  in  the  bulk  of  the  lithium  metal,  we  propose  that 
Li2C2  is  already  present  in  the  lithium  metal  and  not  only  formed 
from  LhCCH  by  the  high  laser  energy  applied  for  the  Raman 
experiments.  As  already  discussed  bulk  impurities  of  L^CCH  can  be 
excluded  because  of  the  production  procedure.  In  addition  we 
showed  that  the  amorphization  of  Li2C2  does  not  cause  the  shift  to 
lower  frequencies,  instead  we  propose  that  a  charge  transfer  is 
responsible  for  the  observed  shift  of  the  acetylide  signal  of  Li2C2 
traces  in  lithium. 

3.2.  Mass  spectrometry 

To  support  our  theory  that  Li2C2  was  not  formed  by  the  impact 
of  the  Raman  laser,  lithium  metal  samples  were  hydrolyzed  in 
water  to  analyze  the  evolved  gases  by  mass  spectrometry.  The 


hydrolysis  of  Li2C2  leads  to  the  formation  of  gaseous  acetylene  that 
gives  a  signal  at  26  m/z,  which  indicates  the  existence  of  Li2C2  in  the 
lithium  metal  sample  without  the  impact  of  any  laser  light.  To 
figure  out  whether  the  Li2C2  is  only  located  on  the  surface  or  also  in 
the  bulk  of  the  lithium  metal,  partial  hydrolysis  was  carried  out  by 
the  addition  of  just  a  small  amount  of  water  to  an  excess  of  Li  so  that 
only  part  of  the  lithium  metal  was  hydrolyzed.  Then,  by  a  subse¬ 
quent  second  addition  of  water  the  remaining  lithium  metal  after 
the  first  step  was  hydrolyzed  and  the  evolved  gases  were  detected 
again.  With  this  experiment  we  were  able  to  show  that  Li2C2 
impurities  are  also  present  in  the  bulk  since  all  the  Li2C2  on  the 
surface  was  already  hydrolyzed  during  the  first  step.  The  mass 
signals  of  26  m/z  (H2C2),  18  m/z  (H20)  and  2  m/z  (H2)  are  shown 
over  time  in  Fig.  3.  The  signal  of  26  m/z  can  be  assigned  to  acetylene, 
which  is  formed  and  released  by  the  reaction  of  lithium  carbide 
with  water,  yielding  acetylene  and  lithium  hydroxide.  The  addition 
of  water  to  lithium  metal  of  course  also  leads  to  hydrogen  forma¬ 
tion  and  local  heating  which  causes  an  increased  water  vapor 
release  which  could  be  seen  by  the  water  (18  m/z)  and  the  hydrogen 
(2  m/z)  signal  count  increase. 

As  a  reference,  the  synthesized  Li2C2  showed  a  similar  behavior 
upon  injection  of  water  into  the  reaction  chamber.  In  this  case, 
a  change  of  the  signals  for  26  m/z  and  18  m/z  was  detected  as 
shown  in  Fig.  4.  The  signal  of  water  (m/z  =18)  appears  without 
a  peak  due  to  the  less  violent  reaction,  water  vapor  is  stripped  to 
the  MS  by  the  carrier  gas  flow. 

3.3.  ICP-OES  and  EDX 

To  estimate  the  lithium  samples’  purity,  ICP-OES  was  used  to 
determine  the  relative  lithium  content  in  a  lithium  sample.  ICP-OES 
was  also  used  to  figure  out  whether  any  other  impurities  than 
carbon  were  present  in  the  lithium  metal.  Since  ICP-OES  cannot  be 
used  to  determine  carbon  or  oxygen,  EDX  was  used  in  addition.  For 
the  ICP-OES  measurement  a  known  amount  of  lithium  metal  was 
first  dissolved  in  methanol  in  an  argon-filled  glove  box  and  then 
further  diluted  with  water.  The  ICP-OES  analysis  of  the  hydrolyzed 
lithium  sample  gave  a  lithium  content  of  99.1%  by  wt.  Since  there 
was  no  indication  for  the  presence  of  any  other  elements  as 
impurities,  it  could  be  concluded  that  the  lithium  sample  may 
contain  only  carbon,  oxygen,  hydrogen,  or  nitrogen  as  possible 
impurities.  The  quantification  of  oxygen,  carbon,  and  hydrogen  is 
not  possible  by  ICP-OES  because  of  the  used  solvents  water  and 
methanol.  For  nitrogen  an  analysis  is  impossible  since  ambient  air 
disturbs  the  measurement.  To  determine  these  elements,  except 
hydrogen,  EDX  was  carried  out  on  scraped  and  unscraped  lithium 
metal  samples.  The  results  are  given  in  Table  1. 

EDX  showed  no  indications  for  the  presence  of  any  other 
elements  than  carbon  and  oxygen  as  possible  impurities.  A  higher 
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Fig.  3.  Mass  traces  of  acetylene,  water,  and  hydrogen  after  the  addition  of  water  to 
untreated  lithium  metal. 
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Fig.  4.  Mass  traces 
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of  acetylene  and  water  after  the  addition  of  water  to  synthesized 


Table  1 

Relative  atom  contents  of  carbon  and  oxygen  of  scraped  and  unscraped  lithium 
samples. 


Sample 

Relative  carbon 

Relative  oxygen 

content  (%) 

content  (%) 

Unscraped  lithium  (surface) 

36 

64 

Scraped  lithium  (bulk) 

60 

40 

amount  of  oxygen  than  carbon  was  detected  for  the  unscraped 
sample  while  the  content  of  carbon  was  higher  than  oxygen  for  the 
scraped  sample.  Since  a  native  layer  of  U2O  and  Li2CC>3  is  always 
formed  on  lithium  upon  contact  to  air  traces,  it  makes  sense  that 
the  relative  oxygen  content  was  higher  for  the  surface  sample  than 
for  the  scraped  bulk  sample  which  was  only  briefly  exposed  to  the 
high  purity  argon  atmosphere  in  the  glove  box.  The  detected  rela¬ 
tive  carbon  content  on  the  scratched  lithium  metal  is  therefore 
another  indication  of  bulk  carbon  impurities,  which  may  result 
from  the  synthesis  of  the  metallic  lithium. 

4.  Conclusion 

We  have  shown  by  Raman  spectroscopy,  mass  spectrometry, 
and  EDX  that  U2C2  is  present  in  commercial  high  purity  battery 
grade  lithium  metal  and  that  it  can  be  found  in  the  bulk  material  as 
well  as  on  the  surface.  In  literature  it  was  reported  that  XPS 
measurements  showed  the  presence  of  U2C2  after  sputtering 
lithium  metal  [14],  but  in  contrast  to  the  theory  of  a  laser-induced 
Li2CC>3  decomposition  as  origin  of  U2C2,  we  suggest  that  the  U2C2  is 
already  present  in  lithium  as  an  impurity,  which  is  difficult  to 
detect.  Raman  spectroscopy  and  mass  spectrometry  were  useful 
tools  to  elucidate  the  presence  of  LhC2  in  lithium.  A  possible  source 
for  such  a  contamination  could  be  the  fused  salt  electrolysis  of 
lithium  itself.  Commonly  used  carbon  cathodes  for  the  fused  salt 
electrolysis  [15]  most  likely  lead  to  the  contamination  of  the 
lithium  metal  with  U2C2  [16,17],  The  alternative  usage  of  mild  steel 
as  electrode  material  is  a  possible  source  for  carbon  contaminations 
as  well  [18].  The  efficiency  of  lithium  purification  methods  such  as 


distillation  could  be  limited  because  lithium  forms  stable  hyper- 
valent  molecules  with  many  main  group  elements,  which  are  stable 
in  the  gas  phase.  Especially  the  hypervalent  carbon-based  mole¬ 
cules  are  interesting  with  respect  to  the  results  shown  in  this  paper. 
Lithium  and  carbon  form  compounds  like  U3C,  LUC,  and  Li@C  at 
temperatures  around  700  °C  in  the  gas  phase  [11,12].  This  could 
explain  why  it  is  apparently  so  difficult  to  remove  all  carbon 
contaminations.  The  probably  mostly  unnoticed  possible  presence 
of  U2C2  as  an  impurity  in  battery  grade  lithium  metal  therefore 
needs  further  attention  because  its  impact  on  battery  performance 
and  cycling  behavior  in  lithium  metal  cells  is  not  clear  yet.  For 
example,  lithium  carbide  could  probably  have  an  influence  on  SE1 
formation,  either  directly  or  indirectly  by  e.g.  scavenging  HF  traces 
from  LiPF6  electrolytes. 
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